An increase in the enzyme activity of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and ACC oxidase induces the evolution of ethylene during the ripening of passion fruit. A much higher level of ethylene is produced in arils than in seeds or peels during ripening. The pattern of expression of two ACC synthase genes (PE-ACS1 and PE-ACS2), one ACC oxidase gene (PE-ACO1), and two ethylene receptor genes (PE-ETR1 and PE-ERS1) revealed that the expression of these genes is differentially regulated. Expression of PE-ACS1 and PE-ACO1 was enhanced during ripening and after ethylene treatment. However, prominent expression of PE-ACS1 was delayed compared to that of PE-ACO1. Much larger quantities of PE-ACS1 mRNA and PE-ACO1 mRNA were seen in arils than in seeds; this corresponds well with an increase in the amount of ethylene produced by the plant tissue itself. The level of PE-ACS2 mRNA was detectable in arils of the preclimacteric fruit, although it decreased during ripening. These results suggest that expression of PE-ACS1 and PE-ACO1 is required to increase the activity of ethylene biosynthetic enzymes during ripening. The level of expression of PE-ETR1 and PE-ERS1 did not significantly change over the course of ripening; however, the mRNA levels of PE-ETR1 and PE-ERS1 were much higher in arils than in seeds.
ber of stress-related responses such as wounding, pathogen infection and flooding (Abeles et al. 1992) . The biosynthetic pathway of ethylene in plants has been elucidated (Abeles et al. 1992 , Kende 1993 , Theologis 1992 , Yang and Hoffman 1984 . The key regulatory step in this pathway is the conversion of S-adenosylmethionine to 1-aminocyclopropane-1-carboxylic acid (ACC), which is catalyzed by the enzyme ACC synthase. The activity level of ACC synthase is tightly regulated, and the level of this enzyme closely parallels the level of ethylene biosynthesis. ACC is then converted to ethylene by ACC oxidase, a member of the dioxygenase family of proteins . The genes that encode ACC synthase and ACC oxidase in various plant species have been elucidated; both are encoded by multigene families (Kende 1993 , Theologis 1992 .
The mechanism by which plant cells perceive and transduce the ethylene signal has been a long-standing question. Recent advances in understanding ethylene signal transduction have come from a molecular genetic approach towards A rabidopsis thaliana and tomato. By studying various ethylene response mutants in these plant species, several genes which encode proteins involved in ethylene perception have been isolated to date (Arabidopsis ETR1: Chang et al. 1993 , Arabidopsis ERS: Hua et al. 1995 , tomato NR: Wilkinson et al. 1995 . The amino acid sequences of ethylene receptors in plants are closely related to those of proteins involved in the two-component signal transduction system in bacteria and contain all of the conserved residues required for histidine kinase activity (Chang et al. 1993 , Hua et al. 1995 , Wilkinson et al. 1995 . The protein sequence of ETR1 contains a response regulator domain at its C-terminus, while the protein sequence of ERS lacks this domain (Chang et al. 1993 , Hua et al. 1995 . The protein structure of ethylene receptors contains three putative transmembrane domains at the N-terminus. Schaller and Bleecker (1995) reported that the N-terminal portion of ETR1 binds with ethylene. The amino acid sequence of each etrl and NR mutant protein contains a single amino acid substitution in the hydrophobic N-terminal domain, which results in the ethylene-insensitive phenotype (Chang et al. 1993 , Wilkinson et al. 1995 . The level of expression of the NR gene is regulated by the level of ethylene during tomato ripening (Wilkinson et al. 1995) .
Several models concerning the role of ethylene during fruit ripening have been proposed (Lelievre et al. 1997a , Oetiker and Yang 1995) . These models have proposed that ACC synthase and ACC oxidase are each under developmental regulation, or under the positive or negative regulation by ethylene. However, most of the models on fruit ripening have been developed from studying tomato, and, at present, it is not known whether these models are applicable to all other plant species. Moreover, only a few studies that deal with the expression of ethylene-related genes, including homologs of ETR1, in various tissues during fruit ripening and in response to exogenous ethylene, have been reported.
Extensive physiological studies on the ripening of passion fruit have established that it is a climacteric fruit and that it produces a larger amount of ethylene during ripening than other plant species (Akamine et al. 1957 , Sjaifullah and Lizada 1985 , Arjona and Matta 1991 , Shiomi et al. 1996a , b, Wills et al. 1981 . Because passion fruit produces a high amount of ethylene, Sjaifullah and Lizada (1985) suggested that passion fruit might serve as a commercial source of ethylene. Furthermore, these studies also revealed that a marked increase in the activity of ACC synthase and ACC oxidase and purple pigmentation in the peel occur concomitantly with ethylene evolution during ripening (Arjona and Matta 1991, Shiomi et al. 1996b) .
In this study, as a first step towards understanding the molecular aspects of the ripening of passion fruit during which a large amount of ethylene is produced, we isolated portions of the cDNAs which encode ACC synthase and ACC oxidase in passion fruit. In addition, the nucleotide sequences of two full-length cDNAs which encode the ethylene receptor were determined. We analyzed the level of expression of these genes in arils and in seeds during ripening. We also examined the level of expression of these genes in response to exogenously-applied ethylene by Northern blot hybridization.
Materials and Methods
Fruit material-Purple passion fruit were obtained from the experimental farm of Shizuoka University in Shizuoka, Japan. Flowers were tagged at anthesis. Fruit at the immature green stage and those at the mature green stage were harvested. The immature green fruit were harvested 48-50 d after anthesis. The mature green fruit were harvested 51-60 d after anthesis. Only the mature green fruit were held at 20°C and allowed to ripen. Each fruit was classified into one of the following four developmental stages, according to the degree of ethylene evolution and amount of anthocyanin that had accumulated in the peels: (1) Immature green (ethylene evolution below 0.2 nl g~' h~'); (2) Mature green (ethylene evolution below 0.2 nig" 1 h~'); (3) Turning (ethylene evolution between 1-10 nl g~' h~", anthocyanin begins to accumulate in the peels); (4) Purple (ethylene evolution above 200 nig" 1 h~'). The arils and seeds were kept frozen at -80°C until RNA extraction was performed.
Measurement of the amount of ethylene production-An individual fruit was placed in an airtight 940-ml jar for 1 h at 20°C. One ml of the atmosphere at the head space of each jar was obtained with a plastic hypodermic syringe; it was injected into a Hitachi 163 Gas Chromatograph (Tokyo, Japan), equipped with a flame ionization detector and an activated alumina column maintained at 70°C.
Since it was difficult to separate arils from seeds without causing injury, we measured the amount of ethylene produced in arils and in seeds as follows. Thirty seeds with aril were placed in a 63-ml Erlenmyer flask, and thirty seeds without aril were placed in a 16.1-ml test tube. Each flask or test tube was sealed with a rubber serum cap, and maintained at 20°C for 1 h. The amount of ethylene in the flask and in the test tube were measured. Subtracting the amount of ethylene produced by seeds alone from the amount of ethylene produced by arils and seeds gave an estimate of the amount of ethylene produced by arils.
Quantitation of anthocyanin-To determine the amount of anthocyanin in the peels, the peels of five fruit were allowed to homogenize in acidified methanol that contained \% HCI (v/v). Anthocyanin was extracted by shaking the homogenate at 4°C for 1 d. After centrifugation, the absorbance of the supernatant at 530 nm and at 657 nm were measured. The amount of anthocyanin was determined with the formula A im -0.25 xA 6il ; this formula compensates for the contribution of chlorophyll and its degradation products to the absorbance (Rabino et al. 1986) .
Treatment of fruit with ethylene and 2,5-norbornadiene (NBD)-Mature green fruit were placed in a 10-liter desiccator, into which ethylene and NBD were added seperately, or in combination, as described by Hyodo and Fujinami (1989) . NBD is a competitive inhibitor of ethylene action (Sisler and Yang 1984) .
RNA extraction-Total RNA was extracted from arils and seeds of at least five fruit in each of the four developmental stages, and in each treatment group. Total RNA was extracted by the phenol-SDS method. The RNA was purified by precipitation with lithium chloride as described by Nakamura et al. (1991) . Poly(A) + RNA was isolated from the total RNA using Oligotex dT-30 (Takara Shuzo, Kyoto, Japan).
Reverse transcription (RT)-PCR-Vour fig of total RNA obtained from arils and seeds of unripened fruit or ripened fruit was reverse-transcribed with 30 units Avian Myeloblastosis Virus (AMV) reverse transcriptase in 25 fi\ of a reaction mixture which contained 25 mM Tris-HCl (pH 8.3), 50 mM KC1, 5 mM MgCl 2 , 2 mM DTT, 1 mM of each dNTP, 25 units of RNase inhibitor, and 30 /^M of a random hexamer. The reaction was allowed to proceed for 45 min at 42°C. The mixture was then heated to 99°C for 5 min to inactivate the reverse transcriptase. The resultant cDNAs were used as templates in PCR amplification.
To isolate cDNA fragments which encode portions of ACC synthase, four degenerate oligonucleotide primers, OLE2, OLE4, OLE5 and OLE6 (Botella et al. 1992) , corresponding to regions of the protein sequence of ACC synthase which have been conserved in various plant species were synthesized. The primary PCR was done using OLE2 and OLE4. A portion of this mixture was subsequently reamplified using OLE5 and OLE6.
To isolate cDNA fragments which encode portions of ACC oxidase by PCR, two degenerate oligonucleotide primers, 5'-GCT-TGTSARAAYTGGGGYTTSTWYG-3' and 5-CATCGCCTCR-AAYCKYGGYTCYTT-3' (R = A/G, Y = C/T, S = C/G, W = A/ T, K=G/T, N=A/C/G/T), were synthesized based on the two conserved amino acid sequences ACENWGFFE and KEPR-FEAM, respectively.
Two degenerate oligonucleotide primers, 5'-GAGACTG-GNAGRCAYGTNMGRATG-3' (M = A/C) (ERP1) and 5-CAT-SGGNGTYCKCATYTCRTGRTT-3' (ERP2), were used for the amplification of cDNA fragments which encode the ethylene recep-tor. These sequences correspond to the amino acid sequences ETGRHVRM and NHEMRTPM, respectively.
The PCR parameters were; template denaturation at 94°C for 1 min, primer annealing at 52°C for 2 min, and primer extension at 72°C for 3 min, for a total of 35 cycles. The PCR products were cloned by placing them in pCR II vector (Invitrogen, San Diego, CA, U.S.A.), according to the manufacturer's instructions.
Rapid amplification of cDNA ends (RACE)-The 5' and 3' ends of the cDNA fragments of the ethylene receptor, which remained undetermined after RT-PCR, were isolated using the RACE method. All reactions were performed using the Marathon cDNA Amplification kit (CLONTECH Laboratories, Palo Alto, CA, U.S.A.), according to the manufacturer's instructions. In brief, poly(A) + RNA was isolated from arils of fruit at the turning stage and its cDNA was synthesized. The cDNA was then ligated to the Marathon cDNA adaptor. The 5' cDNA fragment was amplified by PCR using ERP2 and adaptor primer 1 (API) as the primers, and the adaptor-ligated cDNA as the template. A portion of this mixture was subsequently reamplified using ethylene receptor-specific nested primer 2 (NP2) (5-GTGGTTCATGACAGC-NAGGAARTCATTHCGNGC-3' (H=A/C/T)) and nested adaptor primer 2 (AP2). The 3' cDNA fragment was amplified by PCR using ERP1 and adaptor primer 1 (API) as the primers, and the adaptor-ligated cDNA as the template. A portion of the mixture was subsequently reamplified using ethylene receptor-specific nested primer 1 (NP1) (5'-CACGTGMGRATGCTGACYCATG-ARATHAGAAGCAC-3') and AP2 as the primers. The parameters of the primary PCR were; denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 68°C for 4 min, for a total of 30 cycles. Fifteen cycles of the nested PCR was performed under the same conditions as the primary PCR. The PCR products were cloned by placing them in pCR II vector. A series of deletion mutants were prepared by digestion with exonuclease III, followed by blunt-end ligation; these were used for DNA sequence analysis.
DNA sequence analysis-The nucleotide sequence of each of the cDNA clones was determined by the dideoxy sequencing method (Sanger et al. 1977 ) using a SequiTherm EXCEL LongRead DNA Sequencing kit-LC (Epicentre Technologies, Madison, WI, U.S.A.), and LI-COR 4000 DNA Sequencer (Lincoln, NE, U.S.A.).
Preparation of the digoxigenin (DIG)-UTP-labeled RNA probe-Antisense DIG-labeled, single-stranded RNA probes were prepared using recombinant plasmids into which the RT-PCR cDNA fragments had been cloned, and the DIG RNA Labeling kit (Boehringer Mannheim) according to the manufacturer's instructions.
Northern blot hybridization-Two n% of poly(A) + RNA was used for electrophoresis on a 1.2% agarose gel that contained 0.66 M formaldehyde. It was then transferred to Hybond-N + (Amersham) by capillary action with 20xSSC, according to the manufacturer's instructions. After heating the membrane at 80°C for 10 min, the RNAs were fixed with UV. The membrane was probed with the gene-specific antisense DIG-labeled RNA probe at 65°C for 17 h. The membrane was washed once with 2 x SSC containing 0.1% SDS for 10 min at room temperature, and twice with 0.1 x SSC containing 0.1% SDS for 15 min each at 65°C. After allowing sheep anti-DIG Fab fragments conjugated to alkaline phosphatase to bind to the DIG-labeled probe, the excess antibody was removed. Signals were detected by chemiluminescence using CSPD (Tropix, Bedford, MA, U.S.A.) as the substrate. The membrane was exposed to X-ray film (Hyper Film ECL; Amersham) for 30 min at 37°C. Cross-hybridization between PE-ACS1 and PE-ACS2 and that between PE-ETRl and PE-ERS1 were not observed under these conditions (data not shown). A control hybridization using the DIG-labeled RNA as a probe for cysteine proteinase (Watanabe et al. 1991) was also carried out.
Results
Ethylene evolution and anthocyanin accumulation during ripening of passion fruit-A marked increase in ethylene evolution was seen during the ripening of passion fruit. In order to examine which tissue is responsible for ethylene evolution during ripening, the rate of ethylene production in various tissues was investegated. As shown in Table 1 , arils and seeds produced most of the ethylene; a much higher level of ethylene was synthesized in arils than in seeds. By contrast, very little ethylene evolution could be observed in the peels. The amount of anthocyanin accumulation in the peels markedly increased over the course of ripening (Fig. 1) .
Cloning of the cDNAs of ACC synthase, ACC oxidase, and the ethylene receptor-The cDNAs of the ACC synthase and ACC oxidase enzymes of a variety of plant species have been isolated. Conserved regions in the amino acid sequence of ACC synthase and that of ACC oxidase have been found. Using oligonucleotides corresponding to the conserved regions as primers, RT-PCR was performed with RNA prepared from arils and seeds obtained from the fruit to amplify the cDNA fragments of ACC synthase and ACC oxidase. Two cDNA fragments of the genes which encode ACC synthase, PE-ACS1 and PE-ACS2, and one cDNA fragment of the gene which encodes ACC oxidase, PE-ACO1, were isolated. PE-ACS1 is 1,054 bp in length and has an open reading frame of 351 amino acids (accession No. AB015494), while PE-ACS2 is 1,063 bp in length and has an open reading frame of 354 amino acids (AB015495). The deduced amino acid sequences of PE-ACS1 and PE-ACS2 contain the active site of ACC synthase and the amino acid residues conserved among ACC synthase of different plant species and various aminotransferases (Rottmann et al. 1991 , Kende 1993 . The identity of the nucleotide sequence of PE-ACS1 to that of PE-ACS2 is 60%. The deduced amino acid sequence of PE-ACS1 has 86% identity with mung bean VR-ACS5 (Botella et al. 1993) ; the deduced amino acid sequence of PE-ACS2 has 77% identity with mung bean VR-ACS1 (Botella et al. 1992) . PE-ACO1 is 785 bp in length and has an open reading frame of 261 amino acids (AB015493). The deduced amino acid sequence of PE-ACO1 shows 75% identity to CM-ACO1 of melon (Lasserre et al. 1996) . Amino acid residues essential for ACC oxidase activity (Lay et al. 1996 , Shaw et al. 1996 are conserved in PE-ACO1 (data not shown).
The genes which encode the ethylene receptor have recently been isolated in Arabidopsis and tomato. It was found that the amino acid sequences of the ethylene recep- tor in these plants are similar to those of proteins involved in the two-component signal transduction system (Chang et al. 1993 , Hua et al. 1995 , Wilkinson et al. 1995 . We isolated two cDNA fragments of the genes which encode the ethylene receptor in passion fruit by RT-PCR. It was assumed that each of the two isolated cDNA fragments lies between the putative transmembrane domain and the histidine kinase domain of the respective ethylene receptor. The RACE method was used to isolate the 5' and 3'ends of the cDNAs. The nucleotide sequences of the full-length cDNAs revealed that one of the ethylene receptors of passion fruit contains a response regulator domain at its C-terminus, while the other lacks it. Thus, the former was designated PE-ETR1, and the latter was designated PE-ERS1. PE-ETR1 is 2,715 bp in length and has an open reading frame of 738 amino acids (AB015496), while PE-ERS1 is 2,295 bp in length and has an open reading frame of 637 amino acids (AB015497). The deduced amino acid sequence of PE-ETR1 has 83% identity with Arabidopsis ETR1 (Chang et al. 1993) ; the deduced amino acid sequence of PE-ERS1 has 71% identity with Arabidopsis ERS (Hua et al. 1995) . PE-ETR1 and PE-ERS1 each contain three putative transmembrane domains and a histidine kinase domain (Fig. 2) . Furthermore, they also contain the conserved amino acids that were found to be substituted by other amino acids in ethylene-insensitive mutants of Arabidopsis and tomato ( Fig. 2) (Chang et al. 1993 , Wilkinson et al. 1995 .
Expression of genes involved in the biosynthesis and perception of ethylene during ripening of passion fruit-Using DIG-labeled RNA probes specific for a particular gene, we examined the level of expression of ACC synthase, ACC oxidase and the ethylene receptor in various tissues at various developmental stages by Northern blot hybridization. Over the course of ripening, a significant increase in the amount of PE-ACS1 mRNA in arils was seen (Fig. 3) . The mRNA band of PE-ACS2 was detectable in arils, but the level of PE-ACS2 mRNA decreased over the course of ripening. During the preclimacteric stage, the level of mRNA of PE-ACS2 was higher than that of PE-ACS1 in arils. In seeds, a significant increase in the amount of PE-ACS1 mRNA was seen during ripening; however, the level of PE-ACS2 mRNA remained very low over the course of ripening. The level of transcript of PE-ACS1 in seeds was significantly lower than that in arils. The level of PE-ACO1 mRNA increased in both arils and seeds over the course of ripening (Fig. 3) . In contrast to PE-ACSI, a substantial amount of the transcript of PE-ACO1 was detected in arils of the unripened fruit. The level of PE-ACO1 mRNA in seeds was also lower than that in arils. These results indicate that prominent expression of PE-ACSI is delayed compared to that of PE-ACO1 during ripening. When DIG-labeled RNA probes specific for PE-ETR1 and PE-ERS 1 were used, mRNA bands of approximately 3 kb and 2.3 kb in length were detected (Fig. 3 ). It appears that the level of expression of PE-ETR1 and PE-ERS1 in arils does not significantly change over the course of ripening. Although the amount of PE-ERS1 mRNA present in arils at the mature green and turning stages were slightly larger than that present in arils at the immature green or purple stage, little change in the amount of PE-ERS1 mRNA over the course of ripening was observed in repeated experiments. The transcripts of PE-ETR1 and PE-ERS1 were barely detectable in seeds by Northern blot hybridization. Fig. 2 Alignment of the amino acid sequence of the ethylene receptor of different plant species. The amino acid sequences of the ethylene receptors of passion fruit (PE-ETRl and PE-ERS1), Arabidopsis (ETR1: Chang et al. 1993 , ERS: Hua et al. 1995 and tomato (eTAEl: Zhou et al. 1996 , NR: Wilkinson et al. 1995 were compared. Identical amino acids are indicated by asterisks. The amino acids marked by solid diamonds are substituted by other amino acids in ethylene-insensitive mutants (Chang et al. 1993 , Wilkinson et al. 1995 . The five boxes enclose conserved motifs characteristic of the histidine kinase domain in bacteria. Hydrophotic putative transmembrane regions are underlined. The conserved histidine and asparatate residues are indicated by the closed circles. Horizontal arrows indicate the region used to design the oligonucleotides ERP1, ERP2, NP1 and NP2. It was then transferred to a nylon membrane and hybridized using the appropriate probe. IG, immature green; MG, mature green; T, turning; P, purple.
However, RT-PCR analysis showed that the mRNAs of both genes are, in fact, present in seeds (data not shown). Effect ofNBD on ripening and gene expression-Fruit that had been exposed to 4,000^1 liter" 1 NBD for l i d displayed a very low level of ethylene evolution, and very little anthocyanin had accumulated in the peels (Fig. 4) . However, the simultaneous application of 100/zl liter" 1 ethylene overcame the inhibitory effects of NBD. This suggests that ethylene is necessary for the ripening of passion fruit. Accumulation of the mRNAs of PE-ACS1 and PE-ACO1 in arils and in seeds were abolished in NBD-treated fruit. However, the amount of mRNAs of PE-ACS1 and PE-ACO1 in the tissues of fruit that had been treated with both NBD and ethylene were similar to the respective amount in the non-treated fruit (Fig. 5 ). It appears that the expression of PE-ACS2, PE-ETR1 and PE-ERS1 in arils is not significantly affected by exposure to NBD (Fig. 5) .
Effect of ethylene on gene expression-The effect of ethylene on the level of expression of genes for ACC synthase, ACC oxidase and the ethylene receptor was examined. Fruit which had been harvested at the mature green stage were treated with 20/vl liter" 1 ethylene. RNA was prepared from arils and seeds for subsequent Northern blot hybridization. As shown in Figure 6A , exposing the fruit to ethylene for up to 24 h significantly increased the level of expression of PE-ACO1 in arils and in seeds. However, exposing the fruit to ethylene and 5,000 fil liter" 1 NBD repressed the ethylene-induced expression of PE-ACO1. When mature green fruit were exposed to ethylene for 84 h, the mRNA of PE-ACS1 accumulated in arils but not in seeds (Fig. 6B) . In contrast, the amount of the mRNAs of PE-ACS2, PE-ETR1 and PE-ERS1 were not markedly affected by exposing the fruit to exogenous ethylene, although the mRNA levels of PE-ACS2 and PE-ERS1 in arils of fruit that had been treated with ethylene for 10 h were slightly higher than the respective level in arils of mature green fruit not exposed to ethylene (Fig. 6A) . PE-ETRl and PE-ERSl) . Fruit harvested at the mature green stage were held in one of the following three conditions for l i d : air; 4,000 //I liter" 1 of NBD; 4,000 n\ liter" 1 of NBD plus 100/il liter" 1 of ethylene. Two,ug of poly(A) + RNA obtained from arils and seeds was separated on a formaldehyde-containing agarose gel; it was then transferred to a nylon membrane and hybridized with each probe.
Discussion
Passion fruit is a climacteric fruit, and ethylene evolution significantly increases over the course of ripening (Akamine et al. 1957 , Shiomi et al. 1996a , b, Arjona and Matta 1991 , Sjaifullah and Lizada 1985 . The purpose of this study was to identify the genes involved in ethylene synthesis and those involved in the perception of ethylene during passion fruit ripening, in order to elucidate the molecular regulation of ripening mediated by ethylene. Northern blot analysis showed that the level of mRNAs of PE-ACSl and PE-ACOl in arils and in seeds significantly increased as ripening proceeded (Fig. 3, 5) . The level of mRNAs of these genes were much higher in arils than in seeds. This corresponds well with the amount of ethylene produced in these tissues (Table 1 ). In addition, the level of mRNA of PE-ACSl corresponded to the changes in the rate of ethylene production in these tissues. The level of expression of PE-ACSl in arils increased to a greater degree during ripening than that of PE-ACOl; a substantial amount of PEACOl mRNA was present in unripened fruit that produced only a low level of ethylene (Fig. 3) . These results suggest that a large quantity of both PE-ACSl and PE-ACOl must be expressed to induce a higher level of activity of the enzymes involved in ethylene synthesis during passion fruit ripening (Shiomi et al. 1996b ). It seems that the level of expression of PE-ACSl, and not that of PE-ACOl, is the rate-limiting step in the burst of ethylene evolution. During the preclimacteric stage of passion fruit ripening, the level of ACC oxidase activity is relatively high, while the level of ACC synthase activity, ACC content and ethylene evolution are very low (Shiomi et al. 1996b ). PE-ACS2 may be responsible for the low level of ethylene evolution in arils dur-ing the preclimacteric stage.
Exogenous application of ethylene to unripened mature green fruit stimulated the expression of PE-ACS1 and PE-ACOl (Fig. 6 ). This suggests that these genes are regulated under a positive feedback system. However, the rate at which the mRNAs of PE-ACS1 and PE-ACOl accumulated upon exposure to ethylene differed. While exposing the fruit to ethylene rapidly stimulated the expression of PE-ACOl, the level of expression of PE-ACS1 in arils and in seeds did not change when exposed to ethylene for up to 24 h (Fig.6A) . These results seem to be reasonable, since 24 h-ethylene treatment to fruit did not stimulate ethylene evolution (data not shown, Shiomi et al. 1996b ). Exposing mature green fruit to ethylene for 84 h induced expression of PE-ACS1 in arils but not in seeds (Fig.6B) . Therefore, expression of the ACC oxidase gene is more sensitive to exogenous ethylene than that of ACC synthase gene. This has also been reported in the fruit of other plant species such as tomato (Liu et al. 1985) , cantaloupe (Liu et al. 1985) , kiwifruit (Xu et al. 1998 ) and pear (Lelievre et al. 1997b ). Treating kiwifruit with ethylene for 24 h rapidly induced the expression of ACC oxidase; however, accumulation of the transcript of ACC synthase was not observed until two days after treatment with ethylene (Xu et al. 1998) . It has been shown by using 1-methylcyclopropene, another inhibitor of ethylene action, that expression of LE-ACS2 and LE-ACS4, the two genes that encode ACC synthase in tomato, is positively regulated by ethylene at its maturing stage, during which a massive amount of ethylene is produced (Nakatsuka et al. 1997 ). However, exposing mature green fruit to ethylene for a relatively short period failed to induce the expression of these genes (Liu et al. 1985 , Nakatsuka et al. 1997 . As shown in Figure 5 , the continuous action of ethylene over a longer period of time promoted ripening with a concomitant marked increase in the abundance of PE-ACS1 mRNA. A longer period of ethylene treatment of passion fruit may be needed to induce the expression of PE-ACS1 than the expression of PE-ACOl. Such differential ethylene sensitivity would explain why prominent expression of PE-ACS1 was seen later than the prominent expression of PE-ACOl during ripening (Fig. 3 ). An alternative explanation is that a ripening-related developmental factor other than ethylene per se is needed for the prominent expression of PE-ACS1.
In climacteric fruit such as passion fruit and kiwifruit, the exogenous application of ethylene can induce autocatalytic ethylene production. The potential to produce ethylene in response to exogenously-applied ethylene in climacteric fruit should be closely related to the potential to ripen. The large difference in ethylene production in response to applied ethylene observed in two cultivars of Chinese kiwifruits was attributed to a difference in the degree at which ACC synthase was expressed after treating the fruit with ethylene (Xu et al. 1998) . Shiomi et al. (1996b) reported that prominent autocatalytic ethylene production exists in passion fruit and that the level of autocatalytic ethylene production depends on which day the fruit was treated with ethylene after it was picked at the mature green stage; autocatalytic ethylene production was more prominent in fruit exposed to ethylene one or more days after harvest, than in fruit exposed to ethylene on the harvest day. This suggests that the sensitivity of fruit to ethylene may increase during senescence after harvest. Therefore, a correlation may exist between the degree of sensitivity of a climacteric fruit to ethylene and its potential to produce ethylene. Several genes involved in ethylene perception have been isolated in Arabidopsis and tomato (Chang et al. 1993 , Ecker 1995 , Hua et al. 1995 , Wilkinson et al. 1995 . It has been reported that the expression of two tomato genes which encode ethylene receptors are differentially regulated. The level of expression of the NR gene, which encodes an ethylene receptor without a response regulator such as in Arabidopsis ERS, is up-regulated during ripening, and this regulation is positively mediated by the level of ethylene. Modulation of the level of NR gene expression during fruit ripening may regulate the degree to which the plant responds to ethylene (Wilkinson et al. 1995) . In fact, it appeared that ethylene-inducible expression of the E8 gene correlated with the level of expression of the NR gene (Wilkinson et al. 1995) . In contrast, the eTAEl gene, another tomato gene which encodes an ethylene receptor homologous to Arabidopsis ETR1, is constitutively expressed (Zhou et al. 1996) .
In this study, we isolated two cDNAs which encode the ethylene receptor of passion fruit (PE-ETR1 and PE-ERS1) and examined their expression. Expression of PE-ETR1 and PE-ERS1 was not significantly affected by either ripening or the exogenous application of ethylene. However, the mRNA levels of these genes were significantly higher in arils than in seeds. Based on the observation that the ethylene receptors negatively regulate ethylene responses in Arabidopsis (Hua and Meyerowitz 1998) , one would suppose that increased expression of the ethylene receptors would result in decreased level of ethylene responses. However, the mRNA levels of PE-ACS1 and PEACOl, genes which are actively regulated by ethylene, in arils were significantly higher than the respective level in seeds and accumulation of the mRNA of PE-ACS1 was not seen in seeds after ethylene treatment. The mechanisms that regulate the perception and transduction of the ethylene signal may be somewhat different between passion fruit and Arabidopsis, or between arils and seeds. The results in this study cannot rule out the possibility that other ethylene receptor(s) besides those encoded by PE-ETR1 and PE-ERS1 is (are) regulated by developmental factors or ethylene during ripening. Further analyses will be required to determine whether modulation of expression of the gene for the ethylene receptor during passion fruit ripening is one of the factors that affect the developmental competence of responsiveness to the ethylene signal. Such analyses might help us to understand the molecular mechanisms responsible for the above-mentioned differentially increasing rates in the expression of PE-ACSl and PE-ACO1 over the course of ripening and the differential sensitivity to ethylene of maturing fruit after harvest (Shiomi et al. 1996b ).
